Abstract: Near-fault pulse motions will cause excessive and much larger base displacement in traditional isolated structures than common earthquake motions. The new isolation system inspired by the "sacrificial bonds and hidden length" biomechanics of an abalone shell can control the base displacement efficiently and reach almost the same vibration isolation efficiency as a semi-active control system. The current research is confined to the lumped mass model and cannot uncover the exact performance of isolators and structures in practical applications. A user subroutine is developed based on the interface of UEL in Abaqus. Subsequent verification has been done in both the lumped mass model and 3D complex model with Abaqus, Matlab/Simulink, and SAP2000. It can be revealed from the comparative results that the calculation accuracy of the secondary developed user subroutine can meet the demand of design and research.
Introduction
Earthquakes have caused an inestimable loss of life and property for human beings, both directly and indirectly. The urgent demand for minimizing losses in seismic events makes the technology of earthquake-resistance more popular than ever before. The current technique to reduce seismic action can be simply classified as vibration absorption and vibration isolation [1] [2] [3] [4] .
In vibration absorption, displacement-dependent dampers or velocity-dependent dampers are installed at the position where relatively large deformation occurs. The base isolation technique is an effective method to reduce earthquake action by adding an additional isolation layer [5] [6] [7] [8] [9] . This technology can isolate the earthquake energy and prevent it from propagating upwards, therefore degenerating the response of the superstructure. After adopting the base isolation technique, the superstructure can only suffer 1/2~1/3 of ground seismic action. In the present work, the adopted strategy is to elongate the fundamental period of the structure with respect to the fundamental period of the conventional fixed-base structure. The fundamental period of the isolated structure will be shifted from the dominant period of the earthquake ground motion. The modern vibration absorption and vibration base isolation technique dates back to 1891. Kawai Hiroshi, from Japan, came up with the idea of a "structure isolated from ground motion" for the first time. The device mainly consisted of logs which could roll in a horizontal direction or, in other words, release the degree of freedom in the horizontal direction.
An isolated structure performs well only in the common far-field earthquake. For structures located near the epicenter, it may suffer from the intense near-fault ground motions which may contain a long-period velocity pulse and displacement pulse [10] [11] [12] [13] [14] . This kind of intense near-fault ground motion will cause excessive horizontal shear deformation, which is much larger than the ultimate deformation capacity of the isolators, thus rendering them invalid. In general cases, damping devices, like a viscous damper or viscoelastic damper, are usually applied in the isolation layer in order to decrease the base displacement, but this method will lower the vibration isolation efficiency in the superstructure [15, 16] . To resolve the contradiction between the dynamic response of the superstructure and isolation layer, researchers have proposed active control, semi-active control, and hybrid control.
The active control strategy employs an exterior control force to directly control the dynamic response by a rational optimized algorithm [17] [18] [19] [20] . However, the active control strategy has its own shortcomings. Firstly, electric power cannot always be supplied, especially during an earthquake. Secondly, the control mechanism is too complex to keep working without any malfunction. Finally, it may take too many human and financial resources to maintain it. Considering all these factors, the active control system is seldom employed in practical projects. The semi-active control system changes the stiffness or damping by inputting a modest amount of energy to the feedback of the dynamic response of the structure and the external excitation [21] [22] [23] [24] . Like the active control system, semi-active control fails to be extensively applied as a result of its sensitivity to the frequency band of excitation or other factors. The hybrid control system is a combination of the active control system and passive control system. This strategy can avoid the shortcomings of both individual systems, but still has its own inadaptation [25, 26] .
Henry T.Y. Yang proposed a new energy dissipation brace based on the biomechanism of "sacrificial bonds and hidden length" inspired from an abalone shell [27] . It was verified from numerical simulation and tests that the new energy dissipation brace can reach an efficiency equal to that of the semi-active control method. Xi Chen proposed a new isolation system based on the same biomechanism, and confirmed the practicability and superiority of the above-mentioned isolation system by shake table tests and numerical simulation of a lumped mass model by using the Simulink toolbox of Matlab [28] . Shan et al. investigated the dynamic response of an eight-story building benchmark model subjected to stochastic excitations. A small-scale preliminary prototype has also been conducted [29] .
The restoring force model of biomechanism is very different from the frequently-used bilinear model. The hysteretic curve is only distributed in the second and forth quadrants, which means that the equivalent stiffness is counterintuitively negative. In the progress of elastic-plastic analysis, the negative stiffness of the bio-inspired isolation system may cause the global stiffness matrix to lose its positive definiteness, and hence goes against the convergence of dynamic analysis. In a word, it will be very difficult to simulate the negative stiffness isolator in 3D finite element software. That is the reason why relevant research is mostly focused on the lumped mass models. To propel the current research forward and study the property of the bio-inspired isolation system in the 3D model, it is indispensable to develop a user subroutine based on finite element software. Ansys and Abaqus both provide an available and operable interface for developers. Considering the two following advantages of Abaqus, the development and research work will be conducted in Abaqus: (1) Abaqus has a better performance in nonlinear analysis; and (2) there is a convenient transforming interface in Chinese universal structural design YJK for Abaqus.
Biomechanism of the New Isolation System

Biomechanism
The new isolation system is inspired by the biomechanism of an abalone shell. An abalone shell is mainly made up of Calcium carbonate and organic matter. The proportion of organic matter is less than 3%, but it makes a significant contribution to the macroscopic mechanism of an abalone shell [30, 31] . The highly-ordered crystal composite is about 3000 times stronger than general Calcium carbonate crystal, due to the minor amount of organic matter in an abalone shell [32, 33] .
There exists a kind of special colloform containing a biomechanism named "sacrificial bonds and hidden length" in the organic matter of an abalone shell. The special colloform makes it possible for an abalone shell to maintain its excellent mechanical properties, and the colloform may be stretched from 1 nm to 100 nm or even more [31] . The mechanical principle is illustrated in Figure 1 [28] . It can be seen from Figure 1 that resistance entropy will come into being gradually when the molecule is stretched. The sacrificial bonds will be broken while the energy accumulates to about 1 eV, followed by the release of a hidden length (zebra stripes as Figure 1 shows). In the following progression of stretching, the solid black part and the zebra stripes part will work cooperatively until the dissipative energy reaches 100 eV or so. The key point of the mechanism is that the process is reversible and the "sacrificial bonds" can be rebuilt after the tension is released and work again in the next cycle. In the process of restoring, the molecule will reserve a "hidden length" and lock it to avoid the occurrence of internal force. In consideration of the excellent capability of dissipating energy, researchers have tried to apply it on vibration isolators to realize a superior effect.
Restoring Force Model
By simulating the biomechanism of "sacrificial bonds and hidden length" of an abalone shell, the new isolation system behaves in a way that the isolator only provides resistance BIO(x, .
x) while restoring it to the equilibrium position. The specific expression of BIO(x, .
x) is shown in Formula (2). The total restoring force of the bio-inspired isolator is shown in Formula (1).
where x and .
x are the horizontal displacement and horizontal velocity of the isolator, respectively; k b is the stiffness; c b is the damping coefficient; and BIO(x, .
x) is the BIO force. The bio-inspired element consists of a linear spring element, a linear damping element, and a BIO element, all connected in parallel, as is illustrated in Figure 2 . In the vertical direction, the mechanistic property can be simplified as a linear spring for which the axis stiffness is very large. The BIO element dissipates energy only in the process of returning to the equilibrium position and makes no contribution to the process of vibrating away from the equilibrium position.
Development of User Subroutine
Secondary Development in Abaqus
Abaqus/Standard has an interface that allows users to implement linear and nonlinear finite elements. The interface makes it possible to define any element of arbitrary complexity. It is a versatile analysis tool with a large element library that allows analysis of the most complex structural problems. The advantages of implementing user elements in an analysis code such as Abaqus, instead of writing a complete analysis code, are obvious:
(1) Abaqus offers a large selection of structural elements, analysis procedures, and modeling tools; (2) Abaqus offers preprocessing and postprocessing. Many third-party vendors offer preprocessing and postprocessors with interfaces for Abaqus; (3) Maintaining and porting subroutines is much easier than maintaining and porting a complete finite element program.
Secondary development of the bio-inspired isolation system is based on the UEL interface. A diagram of the bio-inspired isolation element is shown as Figure 3 . This user subroutine consists of two nodes, for which each has 6 degrees of freedom. Three degrees need to be assigned proper parameters, while boundary conditions in the other three rotational degrees of freedom are assigned as fixed by default. The local coordinate system of the user subroutine is made up of axis 1, axis 2, and axis 3. Axis 1 represents the axial direction, and axis 2 and axis 3 represent two transverse directions of freedom.
The user must define rhs, amatrx, and svars in the UEL interface. The full name of rhs is the right-hand-side vector, which means the contribution to the global system of the user element. amatrx is an array containing the contribution of this element to the Jacobian(stiffness) or other matrix of the overall system of equations. The matrix required at any time depends on the entries in the lflags array. The Jacobian should include all direct and indirect dependencies of flux and deformation at the node. A more accurately defined Jacobian can improve convergence in general steps. The Jacobian can be symmetric or nonsymmetric. All nonzero entries in amatrx should be defined, even if the matrix is symmetric. svars means an array containing the values of the solution-dependent state variables associated with this element. For the general nonlinear analysis step, the vector svars contains the value of variables in both the current step and last step. svars provides the theoretical basis of the auto incrementation direct integration method, and makes it capable of monitoring the convergence of the dynamic analysis step, adjusting the time incrementation correspondingly. The props array in the UEL interface consists of parameters of the real isolator which must be defined in the user subroutine, and works as the link between the user subroutine and the main program. The properties of the bio-inspired user subroutine are listed in Table 1 . To simplify the analysis and be close to reality, the properties in both the transverse directions are defined in the same way. The flow path of calling the user subroutine in Abaqus is shown as Figure 4 . In each incrementation step of direct time history analysis, the main program passes the information of nodes (including displacement and velocity) to UEL, and calculates the internal forces based on the restoring force model defined by the user. Following this, the node forces are updated and the variables are stored, and the UEL subroutine then exits the current incrementation and the main program moves forward to the next incrementation. 
Simulation in SAP2000
The bio-inspired mechanism can also be achieved by the combination of link elements in SAP2000. The hysteresis curve is shown in Figure 5c . It can be seen from Figure 5 that the first quadrant and the third quadrant of the Multi-Linear elastic link and the Plastic Wen link will counteract to zero, while the second quadrant and the forth quadrant double. 
Verification of User Subroutine
The user subroutine can be applied to realistic research or design only after being rigorously verified. The lumped mass model or simplified 3D model is relatively well-executed and superior to the complex 3D model in computational precision verifying for introducing less uncertainty. Reference software is the commonly used analysis program SAP2000 and Simulink toolbox of Matlab.
Verification of Restoring Force Model
Elastic restoring force, damping force, and BIO force can be extracted from the lumped mass model subject to sinusoidal displacement excitation at the mass joint. It can be concluded from Figure 6 that the restoring force model is identical to that of the theoretical curve in the outline. More specified details should be verified further in delicate analysis. 
Verification of Bio-Inspired Isolator User Subroutine in Lumped Mass Model
The bio-inspired isolation system is applied in a 2DOF lumped mass model in this chapter. The diagram of the structural model is exhibited in Figure 7 . There are two mass points in the model, representing the isolation layer and the superstructure, respectively.
Structural mechanical parameters consist of isolator mass m b , stiffness of isolation layer k b , damping coefficient of isolation layer c b , BIO force of isolation layer f bio , mass of superstructure m s , stiffness of superstructure k s , and damping coefficient of superstructure c s . The concrete value of each parameter is shown in Figure 7 . Kobe motion, of which the PGA has been tuned to 0.1 g, is applied to the model. The value of BIO force is determined by the differential evolution optimization algorithm and is finally set to 3096 kN. In practical design, BIO force can be simply set to 1~4% of the self-weight of the structure to avoid a complex and time-consuming calculation of optimizing. A comparison of user subroutines of Abaqus, SAP2000, and Matlab/Simulink is shown in Figure 8 and Table 2 . The unique restoring force model of the bio-inspired isolation system can also be pieced together by the parallel of the Plastic Wen link element and Multilinear elastic link element in SAP2000. The restoring force model of the above-motioned element can be shown in Figure 5 . Figure 5a illustrates the restoring force model of the Multilinear elastic link and Figure 5b illustrates the restoring force model of the Plastic Wen link element. Figure 5c is the same shape as the theoretical BIO element.
The nonlinear direct integration method HHT is adopted in the simulation of SAP2000. The iteration control parameter is defined as the same as that of Abaqus. The comparison of the computational accuracy of dynamic analysis by Abaqus, SAP2000, and Matlab/Simulink is shown in Figure 8 . It can be inferred from Table 2 that the relative accuracy error in Abaqus can be controlled in the range of 3%, compared to the dynamic output in SAP2000 and Matlab/Simulink toolbox. 
Verification of 3D Simple Model
Computational accuracy verification in a simple 3D model can be conducted in the following ways: (1) Set the numerical value of f bio to be equal to zero, degenerating the user subroutine to a regular spring and damper element; and (2) rebuild the structure in SAP2000 with the same parameters. The basic parameters are illustrated in Table 3 . The 3D view of the model is shown in Figure 9 . In Abaqus/Standard, the spring element and dashpot element of joints can be used to simulate the property of the linear spring and linear damper. The Connector library can also achieve the same result by defining the linear stiffness and linear damping coefficient. The UEL will degenerate to a regular linear isolator by assigning a value of zero to f bio . It can be noted from Figure 10 that the bio-inspired user subroutine can reach almost the same computational precision as the built-in elements in Abaqus. The structural model was built in SAP2000 with the same materials and the same dimensions. The direct time history analysis was then run and the results obtained are shown as Figure 11 . Detailed comparative results are shown in Table 4 . It can be revealed from these results that the relative error between the UEL subroutine and SAP2000 is less than 2%, and the maximum relative error is only 1.5%. It can be concluded from the above-mentioned development and verification that the UEL subroutine can satisfy the need of scientific calculation and structural design. What is more, the UEL can expand the research on the bio-inspired isolation system from the simplified lumped mass model to a real complicated 3D model, and can thus carry the study forward.
Verification of 3D Complex Structural Model
Control Algorithm
The UEL subroutine of the bio-inspired isolation system is used in the real 3D structural model to demonstrate the relative advantage compared to the traditional linear isolation system. Take a teaching building of a certain primary school as an example, where the linear vibration isolation system is applied in this model in contrast to the bio-inspired isolation system. To make it comparable, the stiffness and damping coefficient of the bio-inspire isolation system and linear isolation system should be kept the same.
The teaching building is a frame structure with a total of four floors and an altitude of 14.4 m. At the view of the plane figure, the structure is 64.4 m in the EW direction and 27.2 m in the NS direction. The 3D view is shown in Figure 12 . The local seismic fortification intensity is 8 degrees, with a PGA of 0.2 g. The site classification for construction belongs to class II and the third group. The selection of strong motion records for nonlinear dynamic analysis is not a straightforward process. Subjected to the excitation of near-fault long-periodic pulsed seismic motion, the displacement of the isolated layer of the structure is more likely to be much larger than the structure under regular seismic motion. Bio-inspired isolation bearing can simultaneously reduce the displacement of the isolation layer and the acceleration response of the superstructure. Twenty-eight near-fault seismic waves with the same PGA of 0.4 g are selected in this part to be applied to the teaching building to study its response under rare earthquakes.
The information of 28 seismic motions is shown in Table 5 . All selected seismic waves are near-fault pulsed seismic waves with an epicenter distance of 10 km or less.
The parameters of the isolators are shown in Table 6 . The traditional linear isolation system adopts the combination of LRB700 and LNR600, while the bio-inspired isolation system employs the combination of NSB700 and LNR600, of which NSB take the place of LRB700. The NSB isolator has one more parameter to express the BIO force than the LRB isolator. The total peak value of the BIO force in the isolation layer occupies approximately 1% of the self-weight of the upper structure. Each NSB700 isolator contributes a value of 37.9 KN. The plane layout of isolation bearing is shown in Figure 13 . NSB700 should always be arranged as close as possible to the edges of the structure to be conducive to the eccentricity and enhance the torsional capacity, since NSB can provide a larger restoring force than LNR like LRB.
A dynamic response of the bio-inspired isolation system and linear isolation system can be obtained by direct time history analysis. To evaluate the effect of the bio-inspired isolation system superior to the linear isolation system, a reducing rate is introduced. The reducing rate is defined as (R BIO − R)/R, of which R BIO and R represent the response of the bio-inspired isolation system and linear isolation system, respectively. The reducing rate of base displacement, acceleration of the superstructure, and interlaminar shear force are shown as Figures 14-16 .
The displacement of the bio-inspired isolation layer is at most 44.5% and on average, 20.4% less than that of the linear isolation system under the excitation of the seismic wave in the X-direction.
In the Y direction, as a result of the larger height-width ratio of the building, the acceleration responses in the upper structure of the bio-inspired isolation system are larger than those of the linear isolation system. Figure 15 shows the interlaminar shear force reducing ratio of the superstructure of the bio-inspired isolated system relative to the linear isolation system.
In the X direction, the maximum reduction ratios are 32.8%, 37.9%, 37.9%, and 38.4%, respectively, and the average reduction ratios are 12%, 13.8%, 16.5%, and 20%, respectively. In the Y direction, the shear forces of the bio-inspired isolation system in floor I and floor II are smaller than those of the linear isolation system and are much larger in floor III and floor IV. The possible reason for this is that the aspect ratio in the Y direction is relatively larger than that in the X direction. Shear forces in floor I and floor II are more liable to be controlled since the isolation layer is much closer to floor I and floor II. These results show that the bio-inspired isolation system may be sensitive to the aspect ratio. In the process of designing the system, it is necessary to take more consideration of the applicability.
According to the Seismic design code for Buildings in China, the shear force of the isolated model should be less than 40% of the shear force of the non-isolated model. As for the bio-inspired model in this case, the shear force ratio in the X and Y direction is 0.234 and 0.285, which means that the shear force is still acceptable. The bio-inspired isolated structure performs much better than the traditional linear isolated structure in the acceleration of the superstructure in both the X direction and Y direction. In the X direction, base displacement of the bio-inspired isolated structure is, at most, 21.6% less than that of the traditional linear isolated structure under certain seismic waves. The mean reducing ratio reaches 5.1%. In the Y direction, base displacement of the bio-inspired isolated structure is, at most, 34.7% less and 7.1% on average.
Conclusions
Under the excitation of the near-fault pulsed seismic wave which contains a significant long-term displacement pulse or velocity pulse, the isolation layer may tend to be destroyed as a result of excessive base displacement and lead to the loss of protection of the superstructure. The new bio-inspired isolation system proposed by Dr X Chen seems to be a nice try at controlling the base displacement of the isolation layer and acceleration of superstructure simultaneously. By means of the open application program interface of Abaqus, this paper develops a new user subroutine to simulate the unique hysteresis property of the bio-inspired isolation system and extend the current study from the simplified lumped mass model to the real complex 3D structural model. In summary, it can be inferred that:
(1) In the lumped mass model, the restoring force model of the user subroutine is verified by comparing it to the theoretical restoring force model under sinusoidal load; (2) It can be concluded from the comparison of the UEL subroutine in Abaqus and Matlab/Simulink or SAP2000 that the user subroutine can meet the demand of scientific research in the lumped mass model; (3) By comparing the response of the structure with the UEL subroutine, joint/connector, and SAP2000, the user subroutine can reach a satisfying computational accuracy in the 3D model; (4) The user subroutine can be applied in the real complex 3D structural model to simulate the bio-inspired isolation system. In the case study, the bio-inspired isolation system performs much better in the X direction than the traditional isolated system. In the Y direction, compared to the response of the traditional isolated system, the base displacement and the shear force of floor I and floor II (response below floor II) are smaller, while the acceleration at the top story and shear force of floor III and floor IV (response above floor III) are larger. It can be concluded that the bio-inspired isolated system is sensitive to the aspect ratio of the structure and will perform differently in two directions. Despite this, the response of low floors will always benefit from the bio-inspired system. The response of the high floors may be larger than that of traditional isolated results, but is still acceptable.
By proper design, the new bio-inspired isolation system can reach better control among the displacement of the isolation layer, acceleration at the top story, and interlaminar shear force at the same time. It is also noted that the bio-inspired isolation system is much more sensitive to the aspect ratio, and more exact design and analysis should be done to apply it to real projects.
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